Mutations in CHD7, a chromodomain gene, are present in a majority of individuals with CHARGE syndrome, a multiple anomaly disorder characterized by ocular Coloboma, Heart defects, Atresia of the choanae, Retarded growth and development, Genital hypoplasia and Ear anomalies. The clinical features of CHARGE syndrome are highly variable and incompletely penetrant. Olfactory dysfunction is a common feature in CHARGE syndrome and has been potentially linked to primary olfactory bulb defects, but no data confirming this mechanistic link have been reported. On the basis of these observations, we hypothesized that loss of Chd7 disrupts mammalian olfactory tissue development and function. We found severe defects in olfaction in individuals with CHD7 mutations and CHARGE, and loss of odor evoked electro-olfactogram responses in Chd7 deficient mice, suggesting reduced olfaction is due to a dysfunctional olfactory epithelium. Chd7 expression was high in basal olfactory epithelial neural stem cells and down-regulated in mature olfactory sensory neurons. We observed smaller olfactory bulbs, reduced olfactory sensory neurons, and disorganized epithelial ultrastructure in Chd7 mutant mice, despite apparently normal functional cilia and sustentacular cells. Significant reductions in the proliferation of neural stem cells and regeneration of olfactory sensory neurons in the mature Chd7 Gt/1 olfactory epithelium indicate critical roles for Chd7 in regulating neurogenesis. These studies provide evidence that mammalian olfactory dysfunction due to Chd7 haploinsufficiency is linked to primary defects in olfactory neural stem cell proliferation and may influence olfactory bulb development.
INTRODUCTION
CHD7 haploinsufficiency in humans causes CHARGE syndrome, a clinically variable, multiple anomaly condition with an estimated incidence of 1:8500 -1:12000 (1 -3) . CHARGE is characterized by ocular Coloboma, Heart defects, Atresia of the choanae, Retarded growth and development, Genital hypoplasia and Ear abnormalities including deafness and vestibular disorders (4) . CHARGE individuals also have variably penetrant craniofacial abnormalities, hypogonadotropic hypogonadism and olfactory dysfunction (4 -11) . Heterozygosity for nonsense, deletion or missense CHD7 mutations is estimated to occur in 60-80% of patients with CHARGE syndrome; these mutations are distributed throughout the coding sequence and do not appear to be correlated with specific aspects of the clinical phenotype Ã To whom correspondence should be addressed. Tel: þ1 7346474859; Fax: þ1 7347639512; Email: donnamm@umich.edu # The Author 2009. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oxfordjournals.org Human Molecular Genetics, 2009, Vol. 18, No. 11 1909 18, No. 11 -1923 .1093/hmg/ddp112 Advance Access published on March 11, 2009 (5 -11) . Most human CHD7 mutations identified thus far are de novo; however, evidence for germline mosaicism has been suggested for families with multiple affected siblings (6, (12) (13) (14) . Magnetic resonance imaging shows olfactory bulb defects ranging from hypoplasia to complete absence in all CHARGE individuals tested and olfactory dysfunction in a majority of patients (15 -20) .
Chd7 is widely expressed during murine and human embryonic development, and in many neural tissues including forebrain, midbrain, hindbrain, optic nerve, retina, trigeminal ganglion, facial ganglion, glossopharyngeal ganglion, dorsal root ganglion and enteric neurons (8, 21, 22) . Chd7 is also expressed in developing human and mouse olfactory bulb and olfactory epithelium (8, 21, 22) , suggesting a role for CHD7 in olfaction. The olfactory system provides a unique model in which to analyze the role of CHD7 in neuronal development, due to the rapid turnover of the olfactory epithelium with continuous neurogenesis of olfactory sensory neurons during development and into adulthood. A better understanding of the mechanisms underlying olfaction and neuronal regeneration in adult tissues could give insights into therapies directed toward neural regeneration, and elucidate the role of CHD7 in olfactory development and maintenance.
CHD7 is one of nine members of a family of chromatin remodeling proteins that are characterized by the presence of two chromodomains, a centrally located helicase domain and less well-defined carboxyl terminal domains (23, 24) . These nine CHD proteins are subdivided into three classes based upon their amino acid sequence and functional protein domains (25 -29) . CHD proteins use ATP hydrolysis to regulate access to DNA by altering nucleosome structure (25 -29) . There is also evidence that CHD7 may regulate transcription elongation. The CHD7 Drosophila ortholog Kismet downregulates transcriptional elongation by RNA polymerase II through the recruitment of ASH1 and TRX and may be involved in the maintenance of stem cell pluripotency by regulating methylation of histone H3 lysine 27 (30) . CHD7 is also implicated in cell fate specification of mesenchymal stem cells (31) . During osteoblast and adipocyte differentiation, CHD7 forms a complex with NLK, SETDB1 and PPAR-g, then binds to methylated lysine 4 and lysine 9 residues on histone H3 at PPAR-g target promoters and suppresses ligand-induced transactivation of PPAR-g target genes which leads to a change in cell fate (31) . Together, these data suggest that CHD7 regulates gene transcription with effects on stem cell differentiation.
Here, we show that CHARGE individuals with mutations in CHD7 have variably impaired olfaction, and Chd7 deficient mice also have severely impaired olfaction with hypoplastic olfactory bulbs. We found high Chd7 expression in adult mouse olfactory epithelial stem cells including proliferating basal cells and pro-neuronal basal cells, but reduced Chd7 expression in the adult olfactory bulb. Chd7 deficient mice have a significant decrease in olfactory neural stem cell proliferation, leading to a reduction in olfactory sensory neurons. These data help to clarify the structural impact of Chd7 deficiency on olfactory neuronal production and regeneration, and implicate a role for CHD7 in neural stem cell differentiation.
RESULTS

Olfaction is reduced in human CHARGE patients and in mice with Chd7 deficiency
Olfactory defects and olfactory bulb hypoplasia have previously been reported in CHARGE individuals (15 -20,32) . However, there is minimal information about olfactory status in individuals with CHARGE phenotypes and documented CHD7 mutations. We analyzed eight individuals with CHARGE (and confirmed mutations in CHD7) (7) for defects in olfaction, using the Brief Smell Identification Test (B-SIT) ( Table 1 ). B-SIT is a self-administered, scratch and sniff test booklet that measures whether an individual can accurately identify 12 different odorants. It is important to note that random guessing would result in a score of 3. We found that six of eight individuals with CHARGE aged 10 years or older had B-SIT scores of 8 or lower, whereas a score of 9 -12 is considered to reflect normal olfactory function. The 8 scores from individuals with CHARGE ranged from 0 to 11, and included misidentification of all odorants represented in the test. Interestingly, individuals 6, 7 and 8 all did well on the B-SIT test, with scores of 8 or higher. These individuals all have mutations in exon 33 (individuals 6 and 7 have missense mutations, whereas individual 8 has a nonsense truncating mutation). Exon 33 is a 3' exon that does not encode any of the well-characterized protein domains in CHD7 (chromodomain, helicase, SNF2, BRK or SANT). Further analyses are needed to determine whether olfactory ability correlates with specific CHD7 genotypes, and whether certain CHD7 protein domains are more important than others for olfactory function.
On the basis of the high prevalence of olfactory defects in individuals with CHARGE, we hypothesized that similar defects might be present in Chd7 deficient mice. To test this hypothesis, we used Chd7 Gt/þ mice that are heterozygous for a gene trapped lacZ allele (22) . Homozygous Chd7 Gt/Gt mice are embryonic lethal after E10.5, presumably from cardiac or other internal organ defects (21, 22) . To test for olfactory function in Chd7 Gt/þ mice, we analyzed 6-week-old wild-type (n ¼ 8) and Chd7 Gt/þ (n ¼ 7) sex-matched littermate mice by electro-olfactogram ( Fig. 1 ). Mice were tested with amyl 
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Human Molecular Genetics, 2009, Vol. 18, No. 11 acetate at four different concentrations ( Fig. 1A) , as well as five additional odorants (octanal, haptaldehyde, hexanal, eugenol and carvone) at 10 23 M (Fig. 1B) . Chd7 Gt/þ mice had little to no response to any odorant at the concentrations tested by electro-olfactogram ( Fig. 1 ). These data provide definitive evidence that Chd7 Gt/þ mice have severely impaired olfactory function compared with wild-type littermates, for all odorants tested and they demonstrate for the first time that this impairment occurs at the level of the olfactory epithelium.
Chd7 is expressed in developing and mature olfactory epithelium
Chd7 mRNA is expressed in developing mouse olfactory tissues (21, 22) . To localize CHD7 protein in the olfactory system, we used two independent approaches. We used Chd7 Gt/þ mice that express b-galactosidase from the Chd7 locus (22) and compared b-galactosidase expression with immunofluorescence for CHD7 using anti-CHD7 antibody ( Fig. 2 ). We detected high b-galactosidase activity ( Fig. 2A and B) and anti-CHD7 immunofluorescence ( Fig. 2C -F) in the developing olfactory epithelium and olfactory bulb. There was a slight reduction in anti-CHD7 immunofluorescence in the olfactory epithelium of Chd7 Gt/þ embryos compared with wild-type littermates ( Fig. 2C and D) , consistent with Chd7 haploinsufficiency at the Chd7 Gt allele.
To test whether Chd7 expression continues into adulthood in mouse olfactory tissues, we performed antibody staining with anti-CHD7 on the 6-week-old adult mouse olfactory epithelium and olfactory bulb. We found that Chd7 is highly expressed in the mature olfactory epithelium ( Fig. 2G -L) and is weakly expressed in the adult olfactory bulb (Supplementary Material, Fig. S1 ). We also found CHD7 expression in the adult mouse rostral migratory stream (Supplementary Material, Fig. S1 ). These observations are consistent with adult brain Chd7 mRNA expression patterns [available online at the Allen Brain Atlas (http://www .brain-map.org/)]. We observed some regional differences in the distribution of CHD7-positive cells in both the wild-type and the Chd7 Gt/þ olfactory epithelium ( Fig. 2G and H) . In wild-type mice, a majority of the olfactory epithelium contained CHD7-positive cells in the basal portion of the epithelium with a small proportion of CHD7-positive cells residing in the apical portion. Chd7 Gt/þ mice appeared to have fewer CHD7-positive cells in the olfactory epithelium, most of which resided in the basal portion of the epithelium ( Fig. 2G and H). Olfactory epithelial crypts (recessed regions) in both wild-type and Chd7 Gt/þ mice had CHD7-positive cell nuclei occupying the basal, medial and apical portions of the epithelium ( Fig. 2K and L). These data indicate that Chd7 expression is regionally distributed throughout the adult olfactory epithelium of both wild-type and Chd7 Gt/þ mice.
Chd7 is expressed in olfactory neural stem cells
The olfactory epithelium contains a variety of well defined, functionally and structurally distinct cell types (33) . In order to identify CHD7-positive cell types within the adult olfactory epithelium, we used immunofluorescence with anti-CHD7 and cell type-specific antibodies. Olfactory marker protein (OMP) labels mature olfactory sensory neurons in the postnatal olfactory epithelium (33, 34) . We found that most CHD7-positive cells in the olfactory epithelium were OMP-negative in both wild-type and Chd7 Gt/þ mice ( Fig. 3A and B ). However, the distribution and intensity of OMP immunofluorescence in Chd7 Gt/þ olfactory epithelium was altered compared with wildtype littermates ( Fig. 3B ). There was 16% less anti-OMP immunofluorescence of mature olfactory sensory neurons measured by ImageJ software in the Chd7 Gt/þ olfactory epithelium, and this OMP label appeared disorganized compared with wild-type ( Fig. 3B ). These data are consistent with an abnormality in olfactory sensory neurons in Chd7 Gt/þ mice.
Since a majority of CHD7-positive cells are located in the basal portion of the epithelium ( Fig. 2I and J), it was important to distinguish which population of basal cells were CHD7-positive. To characterize the CHD7-positive basal cells in the mature olfactory epithelium, we used antibodies Each response was normalized and expressed as a percentage of a pure amyl acetate pulse given during the same trace. AA, amyl acetate; 8-AL, octanal; 7-AL, haptaldehyde; 6-AL, hexanal; Eug, eugenol; Car, carvone. Ã P , 0.05, ÃÃ P , 0.005 and ÃÃÃ P , 0.001 as determined by unpaired Student's t-test.
against Mash1 and NeuroD, markers of early (Mash1) and late (NeuroD) pro-neuronal basal stem cells. Mash1 is a basic helix -loop-helix (bHLH) transcription factor thought to be a pro-neuronal determination gene that initiates neuronal differentiation (33) . NeuroD is a bHLH transcription factor whose expression is thought to drive cell cycle exit and determination of neuronal cell fate (33) . We detected co-localization of CHD7 with Mash1 ( Fig. 3C and D) and NeuroD ( Fig. 3E and F) in basal cells of wild-type and Chd7 Gt/þ olfactory epithelium. These observations provide evidence that Chd7 is expressed in pro-neuronal basal cells of the adult olfactory epithelium, in both wild-type and Chd7 Gt/þ mice.
Sustentacular cells and microvillar cells are the two known cell types located in the apical portion of the olfactory epithelium. Sustentacular cells comprise the majority of apical cells and are thought to represent a glial-like population of cells. To test whether CHD7-positive cells in the apical portion of the epithelium represented sustentacular cells, we used an antibody against receptor expression-enhancing protein 6 (Reep6) (35) . We found colocalization between CHD7 and REEP6 in both wild-type and Chd7 Gt/þ olfactory epithelium ( Fig. 3G and H). We also found colocalization of CHD7 and Sus1, another marker of sustentacular cells ( Fig. 3I and J). In addition, anti-Sus1 appeared to label a subset of microvillar cells, based upon cellular morphology.
CHD7 colocalized with Sus1 in some of these microvillar appearing cells (arrow, Fig. 3I ). These data indicate that Chd7 is expressed in sustentacular cells and perhaps also in some microvillar cells of the olfactory epithelium.
Olfactory bulb neuronal defects in Chd7 Gt/1 mice Clinical data in humans with CHARGE have suggested a high prevalence of olfactory bulb defects, ranging from complete absence of the bulbs to mild hypoplasia or asymmetry (15) (16) (17) (18) (19) (20) . We found statistically significant differences in brain, telencephalon and olfactory bulb length between adult wild-type and Chd7 Gt/þ mutant mice ( Fig. 4A , B, I and J). There were no differences in olfactory bulb width ( Fig. 4A , B, I and J) or morphology, based on H&E staining of wild-type and Chd7 Gt/þ mutant mice (Fig. 4C , D and I). Olfactory bulb hypoplasia in Chd7 Gt/þ mice is consistent with olfactory bulb defects found in CHARGE individuals. However, Chd7 Gt/þ mice may also have a subtle abnormality in olfactory bulb neuronal architecture or function. To test this, we used anti-OMP that marks olfactory sensory neuron projections in the olfactory bulb glomeruli. We found intact OMP-positive glomeruli in both wild-type and Chd7 Gt/þ olfactory bulb ( Fig. 4E and F), arguing against a major defect in olfactory sensory neuronal architecture. To further analyze olfactory sensory neuron activity, we labeled dopaminergic interneurons 
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Human Molecular Genetics, 2009, Vol. 18, No. 11 which surround the glomeruli with anti-tyrosine hydroxylase. Tyrosine hydroxylase is expressed in these interneurons in response to signal transduction from the olfactory sensory neurons (36) . We found a significant reduction in tyrosine hydroxylase label around the glomeruli in the Chd7 Gt/þ olfactory bulb ( Fig. 4G and H) . These data demonstrate that although Chd7 Gt/þ olfactory sensory neurons appear to project normally to the olfactory bulb, olfactory bulb interneuron activity is reduced.
Analysis of cell type-specific functions in Chd7 Gt olfactory epithelium
The absence of response to odorants by electro-olfactogram in Chd7 Gt/þ mice demonstrates an inability of the Chd7 Gt/þ epithelium to generate or conduct an electrical current after exposure to chemical stimuli. In order to test the function of olfactory sensory neurons, we used calcium imaging in olfactory epithelium slices to analyze whether individual olfactory sensory neurons elicit a signal in response to odorants (37) . We found that Chd7 Gt/þ pups had functional olfactory sensory neuron (OSN) responses to odorants similar to wildtype littermates ( Fig. 5A -F). These data show that early postnatal olfactory sensory neurons are intact in Chd7 Gt/þ mice, and exclude developmental delay as a cause of mature olfactory epithelium dysfunction. Because sustentacular cells are essential for normal olfactory function (33), we tested whether olfactory dysfunction in Chd7 Gt/þ mice was due to defects in sustentacular cells. To test this, we measured sustentacular cell function by examining glutathione S-transferase (GST) activity ( Fig. 5G ). GST expression is restricted to sustentacular cells and Bowman's glands (and not olfactory sensory neurons) in the olfactory epithelium (38, 39) , and is necessary for sustentacular cells to properly detoxify the olfactory environment which is under constant environmental stress (33) . We found normal GST activity in Chd7 Gt/þ mice compared with wild-type littermates ( Fig. 5G ). Together, these data suggest a mechanism of reduced olfaction in Chd7 Gt/þ mice that is independent of GST activity in sustentacular cells, and suggest that olfactory dysfunction is not simply due to an unhealthy olfactory epithelium.
Analysis of other mouse mutants with reduced olfaction has indicated that all of the necessary components for odorant detection need to be properly localized in the cilia (40) and that proper cilia structure and function are essential for normal odorant detection (41, 42) . To test whether cilia structure and function are altered in Chd7 Gt/þ mice, we measured ciliary adenylyl cyclase activity and analyzed cilia by immunofluorescence with antibodies against cilia components. Adenylyl cyclase activity in the cilia is essential for canonical G-protein coupled receptor signaling in most olfactory sensory neurons (43) . We detected normal basal and forskolin-stimulated adenylyl cyclase activity in adult Chd7 Gt/þ mice ( Fig. 5H ).
Interestingly, immunofluorescence label for cilia markers in Chd7 Gt/þ mice was consistently patchy between mice and between sections within a given mouse, with some regions appearing to have normal antibody label and other regions showing decreased label, consistent with regional differences in cilia distribution ( Fig. 6A and B ). We also found intact but variable immunofluorescence for several cilia components in Chd7 Gt/þ mice, including acetylated a-tubulin ( Fig. 6A-D These data indicate that abnormalities in cilia components are not a likely contributor to reduced olfactory function in Chd7 Gt/þ mice, but that regional decreases in the amount of cilia present may potentially contribute to olfactory dysfunction.
Olfactory sensory neurons are reduced and disorganized in Chd7 Gt/1 mice The cytoarchitecture of the postnatal olfactory epithelium is highly organized, and each cell type can be distinguished by its gene expression profile, apical -basal location and morphology. We examined the ultrastructure of the olfactory epithelium in wild-type and Chd7 Gt/þ mice using scanning electron microscopy (SEM). By SEM, we observed wild-type OSN cell bodies organized in parallel stacked columns within the epithelium (Fig. 7A ). In contrast, Chd7 Gt/þ OSN cell bodies appeared to have lost this highly ordered arrangement ( Fig. 7B ). We also observed patchy cilia distribution on the apical surface of the Chd7 Gt/þ epithelium consistent with the immunofluorescence for cilia components (Fig. 7C and D) . These data indicate that olfactory sensory neurons in Chd7 Gt/þ olfactory epithelium are disorganized but retain some dendritic projections to the apical surface.
We closely examined olfactory epithelial cell types by transmission electron microscopy (TEM). We found that wildtype and Chd7 Gt/þ olfactory sensory neurons appear to extend dendrites which end in a dendritic knob on the apical surface of the epithelium and project cilia along the nasal mucosa ( Fig. 7E and F) . We then directly quantified the numbers of various cell types in the olfactory epithelium by light microscopic analysis of tissues that had been processed for TEM ( Fig. 7G -I ). Cell types were classified based upon their location in the epithelium and their morphology. The number of cells of each type was compared with the average known percentages of each cell type of the adult olfactory epithelium: apical cells 15%, olfactory sensory neurons 75-80% and basal (globose and horizontal) cells 10% (33) . The apicalmost and basal-most populations of cell nuclei could not be differentiated into further subclasses. The remaining cell bodies located in the medial portion of the epithelium were counted as olfactory sensory neurons ( Fig. 7G and H) . We detected a significant reduction (30%) in the number of . Measurements were taken of the brain (b), telencephalon (t), olfactory bulb length (l) and olfactory bulb width (w). Chd7 Gt/þ mice have significantly smaller brains, telencephalons and olfactory bulb lengths compared with wild-type littermates (I). Significant differences in olfactory bulb length taken as a percent of the brain and telencephalon indicate that Chd7 mutant mice (closed bars) have olfactory bulb hypoplasia compared with wild-type littermates (open bars) (J). Cross-sections of the olfactory bulbs stained with hematoxylin and eosin (C and D) show no difference in the layer composition of Chd7 Gt/þ olfactory bulbs. Anti-OMP in the olfactory bulb stains the glomeruli in both wild-type and Chd7 Gt/þ mice (E and F). Dopaminergic interneurons surrounding the glomeruli express tyrosine hydroxylase (TH) in response to electrical activity from olfactory sensory neurons in wild-type mice, whereas TH label is decreased in Chd7 Gt/þ mice (G and H). Ã P , 0.05 and ÃÃ P , 0.01 as determined by unpaired Student's t-test. Abbreviations: GL, glomerular layer; ePL, external plexiform layer; MCL, mitral cell layer and GCL, granule cell layer.
1914
Human Molecular Genetics, 2009, Vol. 18, No. 11 olfactory sensory neurons in Chd7 Gt/þ mice ( Fig. 7H and I), consistent with our previous observation of decreased OMP staining ( Fig. 3A and B ). There was also a small (10%) yet significant reduction in the number of basal cells in Chd7 Gt/þ mice ( Fig. 7H and I). We found no statistically significant difference in the number of apical cells in Chd7 Gt/þ mice compared with wild-type ( Fig. 7H and I). The smaller reduction in basal cells compared with the larger reduction observed in olfactory sensory neurons is likely due to the olfactory epithelium having two populations of basal cells: horizontal basal cells (HBCs) and globose basal cells (GBCs). Since HBCs are typically quiescent (33) , their cell numbers may not be as influenced by reduced Chd7 dosage as GBCs.
Reduced GBCs with no change in HBCs could also skew the data toward the small difference in total basal cell number. These data indicate that the appearance of disorganized olfactory sensory neurons in Chd7 Gt/þ mice could be related to an overall reduction in the number of olfactory sensory neurons and GBCs.
Neural stem cell proliferation in the olfactory epithelium requires CHD7
Basal cells are the stem cell progenitors in the postnatal olfactory epithelium, and GBCs are known to be a highly dynamic pro-neuronal basal cell population (33,44 -48) . Since Mash1/ NeuroD labeling showed that Chd7 is expressed in pro-neuronal basal cells, we tested whether Chd7 Gt/þ olfactory epithelia have defects in cellular proliferation. For these studies, we used a 5-bromo-2-deoxyuridine (BrdU) incorporation assay to identify S-phase cells in the wild-type and Chd7 Gt/þ olfactory epithelium. Colocalization between anti-BrdU and anti-CHD7 immunofluorescence allowed us to visualize and quantify CHD7-positive and BrdU-positive proliferating basal cells ( Fig. 8A -D) . We found that Chd7 is expressed in 98% of BrdUpositive proliferating basal cells in both wild-type and Chd7 Gt/þ mice ( Fig. 8A -D) . Chd7 expression was high in crypt regions, which also appeared to be sites of high cellular proliferation in the olfactory epithelium ( Fig. 8A and B) . Previous reports indicate that there are regions of the olfactory epithelium where proliferation is more active (49) . These crypt regions appear to have high levels of CHD7-positive proliferating basal cells. Quantification of CHD7-positive and BrdU-positive cells revealed a 50% reduction in proliferating basal cells in the olfactory epithelium in adult Chd7 Gt/þ mice compared with wild-type littermates (Fig. 8E ). There was also a 50% reduction in the number of CHD7-positive cells in the apical region of the epithelium (Fig. 8E ). Together, these data indicate a requirement for CHD7 in proliferating cells in the basal olfactory epithelium. Reduced numbers of proliferating GBCs could translate into fewer apical CHD7-positive cells and lead to fewer mature olfactory sensory neurons, as predicted by the reduced intensity of olfactory epithelium OMP staining ( Fig. 3A and B ). Neuronal regeneration is altered in Chd7 Gt/1 mice Neuronal regeneration throughout adulthood is an essential characteristic for continued function of the olfactory epithelium, since the olfactory epithelium is continuously exposed to environmental stresses and must recover to maintain its primary function of odorant detection. To determine whether defects in Chd7 Gt/þ olfaction were associated with abnormalities in neuronal regeneration, we chemically ablated the olfactory epithelium and assayed neuronal regeneration in wild-type and Chd7 Gt/þ mice. 6-week-old wild-type (n ¼ 9) and Chd7 Gt/þ (n ¼ 8) sex-matched littermates were given a 25 ml intranasal infusion of 1% Triton X-100 in saline. At 2 weeks post-ablation, one wild-type mouse was sacrificed to determine efficiency of Figure 6 . Components of the olfactory cilia are intact in Chd7 Gt/þ mice. Olfactory cilia proteins were labeled in wild-type and Chd7 Gt/þ mice by immunofluorescence with anti-acetylated a-tubulin (A-D), anti-G g 13 (E and F) and anti-adenylyl cyclase III (G and H). Regional decreases in immunofluorescence label were consistently observed in Chd7 Gt/þ mice for all cilia markers, as represented by acetylated a-tubulin label (A and B). White dotted lines in (C-F) indicate the basal surface of the epithelium. Immunofluorescence using antibodies against cilia proteins indicated that although regional decreases in label existed, all cilia components analyzed were present in Chd7 Gt/þ olfactory cilia compared with wild-type littermates. 4) and Chd7 Gt/þ (n ¼ 4) mice were sacrificed and analyzed for neuronal regeneration by immunofluorescence using anti-OMP ( Fig. 9A and B ). Both wild-type and Chd7 Gt/þ mice had some degree of OMP staining and neuronal regeneration. However, Chd7 Gt/þ mice had reduced OMP-positive cells which also appeared to be disorganized compared with wild-type littermates. At 8 weeks post-ablation, wild-type (n ¼ 4) mice had almost complete recovery of olfactory sensory neurons in the olfactory epi-thelium ( Fig. 9C and E) , whereas Chd7 Gt/þ (n ¼ 4) mice had regional differences in neuronal regeneration with some regions of the epithelium appearing normal, whereas others exhibited little to no neuronal regeneration ( Fig. 9D and F) .
These data indicate that adult Chd7 Gt/þ mice have delayed or impaired ability to regenerate the olfactory epithelium compared with wild-type mice. Delays or reductions in the ongoing formation of new olfactory sensory neurons under normal conditions could also contribute to the olfactory defects observed in Chd7 Gt/þ mice.
DISCUSSION
Here, we have shown that both humans and mice with CHD7 deficiency have impaired olfaction. We observed Chd7 expression during development in restricted cell types of the olfactory epithelium and olfactory bulb, and Chd7 expression in the adult mouse olfactory epithelium in proliferating basal cells and in pro-neuronal basal cells. We also found that Chd7 deficient mice have a significant reduction in basal cell proliferation, which translates into a reduction in both basal cells and olfactory sensory neurons. Figure 10 depicts a diagram of the olfactory epithelium in both wild-type and Chd7 mutant mice. The reduction in olfactory sensory neurons caused by Chd7 deficiency leads to regional variability in cilia density and disorganization of the Chd7 mutant olfactory epithelium, which may influence tight junctions required for signal transduction. Additionally, Chd7 deficient mice have a reduced capacity for regeneration of olfactory sensory neurons following chemical ablation of the olfactory epithelium. These data together suggest a critical role for CHD7 in olfactory tissues not only during development but also into adulthood. Our data provide the first evidence that CHD7 functions in cellular proliferation and neuronal differentiation in the olfactory epithelium. The mechanism by which CHD7 regulates cell cycle progression and stem cell differentiation is not yet understood. DNA chromatin structure has a vital role in gene regulation, cellular proliferation and maintenance of the differentiated state. However, little is known about the cell and tissue specific functions of chromodomain proteins. Protein -protein interactions involving cell cycle progression and gene expression have been reported for some CHD family members (50 -56) . Proteins such as histone deacetylases and nuclear receptor corepressor 1 are involved in protein interactions with CHD proteins (50 -56) and are also known to be critical for neuronal differentiation (57, 58) . In a recent study using ChIP -chip analysis, CHD7 was shown to bind to methylated histone H3 K4 enhancer regions of numerous genes in the mammalian genome (59) . These data suggest a role for CHD7 in regulating transcription, potentially affecting multiple developmental processes during cell fate specification.
CHD7 and other chromodomain proteins are also thought to regulate access to chromatin by binding and unwinding it (25 -29) . CHD7 could work in conjunction with other transcription factors involved in cell cycle progression and neuronal differentiation. Otx2, a paired-like homeodomain transcription factor, is critical for normal cellular proliferation and neuronal differentiation (60) . Otx2 mutant mice lack the pro-neuronal transcription factor Mash1 (60). Mash1 induces the expression of later bHLH transcription factors like Ngn1 and NeuroD, driving cell cycle exit and neuronal differentiation (33) . We found that CHD7 colocalizes with BrdU-positive proliferating cells and with Mash1 and NeuroD in basal cells. Since Otx2 is involved in cellular proliferation and induces the expression of Mash1 and NeuroD, CHD7 may be necessary for access to Otx2 target genes in the olfactory epithelium. Our data indicate that Chd7 deficiency may impact the expression and/or function of transcription factors dependent upon CHD7 for access to target genes through chromatin modifications.
Neural progenitor cells in the adult olfactory epithelium possess an extensive capacity for ongoing cellular proliferation and differentiation. These neural progenitors must be tightly regulated developmentally, temporally and spatially to maintain the integrity of the epithelium over time. Chd7 is expressed in both the embryonic and adult olfactory epithelium, and targets of CHD7 are likely to include factors involved in the regulation of neurogenesis, neuronal regeneration and cell cycle progression. CHD7 could be involved in the expression of morphogens such as the bone morphogenetic proteins (BMPs) or fibroblast growth factors (FGFs). Previous studies have shown that BMP4 has dosage dependent opposing effects on neurogenesis in the olfactory epithelium (61, 62) . BMP2, BMP4 and BMP7 at high concentrations have anti-neurogenic effects on progenitors (61, 62) . However, low concentrations of BMP4 increase neurogenesis in the olfactory epithelium, whereas BMP2 and BMP7 retain their antineurogenic effects at low concentrations (61, 62) . Although low concentrations of BMP4 increase neurogenesis in the olfactory epithelium, BMP4 does not cause an increase in cellular proliferation (61) , in contrast to the decreased cellular proliferation we observed with Chd7 deficiency. FGF2 induces neurogenesis and increases cellular proliferation of progenitors in the olfactory epithelium (61) . Together these data suggest that BMP and FGF signaling may be sensitive to changes in CHD7 dosage in the olfactory epithelium.
Interestingly, Chd7 deficiency does not appear to affect the structure, function or localization of olfactory cilia components. However, we observed regional cilia reductions in Chd7 Gt/þ mice that could contribute to defects in odorant detection. These data indicate that unlike other mouse models with defects in olfaction, olfactory dysfunction in Chd7 Gt/þ mice is not caused by defects in cilia structure, function (41, 42) or protein transport (40) . Instead, reduced numbers of olfactory sensory neurons and cilia could contribute to impaired olfaction in mature Chd7 Gt/þ mice, perhaps through altered electrical signal transmission. The apparently normal calcium responses in neurons of the neonatal Chd7 mutant mouse olfactory epithelium suggest that the developing mutant epithelium is relatively normal. Therefore, later defects in electro-olfactogram, olfactory bulb tyrosine hydroxylase label, reduced olfactory bulb size and reduced olfactory performance in CHARGE Figure 10 . Diagram of the Chd7 mutant mouse olfactory epithelium. Wildtype (A) and Chd7 mutant (B) mouse olfactory epithelium is depicted with all of the main cell types including olfactory sensory neurons (blue), sustentacular cells (dark gray), globose basal cells (GBCs; purple), horizontal basal cells (HBCs; pink) and microvillar cells (white). Chd7 mutant mice have 30% fewer olfactory sensory neurons and 50% fewer GBCs compared with wild-type. Red bars indicate regions of normal cilia density (solid) and sparse cilia density (dashed). Chd7 mutants have fewer olfactory sensory neurons, which causes gaps between the olfactory sensory neurons and a loss of support leading to a disorganized appearance. Abbreviation: OSNs, olfactory sensory neurons.
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patients could be a result of ongoing abnormalities in neural stem cell proliferation and reduced/disorganized olfactory sensory neurons. Future studies of developing Chd7 mutant olfactory tissues and olfactory behaviors in Chd7 mutant mice should help to clarify these pleiotropic effects. Olfactory dysfunction in CHARGE has typically been associated with defects in the olfactory bulb which ranged from hypoplasia to complete absence of one or both lobes of the olfactory bulb (15 -20) . Chd7 mutant mice have olfactory bulb hypoplasia, consistent with the observed human phenotype. However, the olfactory bulb defects observed in CHARGE individuals often consist of more severe hypoplasia or complete absence of one or both olfactory bulb lobes. Since we detected olfactory hypoplasia in young adult mice (6 weeks), it is also possible that the olfactory bulb hypoplasia could become progressively more severe as the animals age. Defects in the olfactory epithelium have not previously been analyzed in humans or mice with CHD7 mutations (15 -20) . We found that Chd7 Gt/þ mice have severely impaired olfaction by electro-olfactogram, which measures odorant detection directly from the surface of the epithelium independent of the olfactory bulb. Our data indicate that olfactory dysfunction in CHARGE individuals may be attributed to primary defects in the olfactory epithelium, and raise the possibility that reduced sensory input from olfactory sensory neurons could contribute to later and more severe olfactory bulb defects.
Prior studies of olfaction in CHARGE have also been limited because the mutation status of the individuals was not reported (15 -18,20) in all but one study of a female with CHARGE and Kallmann (19) , and in a recent report of three individuals ascertained on the basis of a Kallmann syndrome phenotype (63) . The eight patients in our study have CHD7 mutations that span the gene and one functional domain (SNF domain) of the CHD7 protein (Table 1 ). Our study is the first report of measured reduction in olfaction in CHARGE patients with known CHD7 mutations. We chose the B-SIT to analyze olfactory dysfunction in CHARGE individuals, because it is a rapid test that is readily available and inexpensive, especially compared with physiological measures of olfactory function in humans (64) . The B-SIT is easy to perform, even for children. However, the B-SIT is not reliable for distinguishing degrees of hyposmia and anosmia (64) . Also, our results could be potentially influenced by cognitive impairment, as is true for the University of Pennsylvania Smell Identification Test, from which the B-SIT is based. Our B-SIT data were obtained from individuals who took the test at home, which could also have influenced test results. Despite these limitations, the B-SIT showed reduced olfaction in a majority of CHD7 mutation-positive CHARGE individuals. A better understanding of the mechanisms involved in the pathogenesis of CHARGE will help facilitate both diagnosis and therapies for CHARGE syndrome. Our data suggest that the B-SIT could be used in a clinical setting as an additional diagnostic tool for evaluating children and adults with suspected CHARGE phenotypes.
We have identified a novel role for CHD7 in neural stem cells of the olfactory epithelium, which could provide insight into a similar role for Chd7 in regulating cell cycle and cell fate specification in other sensory and non-sensory tissues. Our data also demonstrate a novel mechanism for olfactory dysfunction in mammals caused by reduced olfactory sensory neurons. How does a reduction in olfactory sensory neurons lead to impaired olfaction? We hypothesize that fewer olfactory sensory neurons are insufficient to generate an electrical potential, leading to reduced neuronal electrical transmission to the olfactory bulb. Reduced tyrosine hydroxylase in the Chd7 Gt/þ olfactory bulb is consistent with this notion. A reduction in olfactory sensory neurons in Chd7 Gt/þ mice may also alter the integrity of the olfactory epithelium such that critical cell -cell contacts are disrupted, impairing the ability of the olfactory sensory neurons to process and maintain electrical signals. It will be important to identify whether there are critical genes dysregulated by loss of Chd7 function. We expect some genes regulated by CHD7 to influence proliferation, whereas others may control aspects of cellular differentiation. Generation and characterization of conditional Chd7 null mutants could also enable further analysis of the roles of CHD7 during olfactory development. Since Chd7 null mice are embryonic lethal by E11 (21, 22) , tissue specific and inducible knockouts would enable research on homozygous phenotypes that are currently not amenable for study in heterozygous mouse models. Our work also opens new questions for future research on the function of CHD7 in stem cells in the olfactory system and elsewhere.
MATERIALS AND METHODS
Human olfactory testing
We used the B-SIT (Brief Smell Identification Test TM , Sensonics, Inc., Haddon Heights, NJ, USA) as a measure of olfactory function in individuals with CHARGE syndrome. The B-SIT is a 12 item self-administered test booklet which contains odorants embedded on scent strips that are released by scratching with a pencil (40,64 -67) . Answers are given as multiple choices among four alternative responses. Individuals with CHARGE who were 10 years or older, and their parents or unaffected siblings, were recruited for participation by mail inquiries, and then subsequently sent test booklets for scoring. Individuals were provided with detailed instructions for completing the test. All aspects of the study were approved by the IRB medicine review committees of the University of Michigan and Baylor College of Medicine.
Mice
Chd7 Gt/þ mice were generated by backcrossing with 129S1/ Sv1mJ (Jackson Laboratory) mice to generation N5 -N7 and genotyped using methods as previously described (22) . We found no detectable CHD7 immunofluorescence in Chd7 Gt/Gt E10.5 embryos using a polyclonal anti-CHD7 antibody, confirming that Chd7 Gt is a null allele (unpublished data). All procedures were approved by University Committee on Use and Care for Animals at the University of Michigan and Michigan State University.
Immunofluorescence A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were anaesthetized with 250 mg/kg body weight tribromoethanol and perfusion fixed with 4% paraformaldehyde. . Specificity to REEP6 was confirmed in cell-based transfection assays. Secondary antibodies used at 1:200 were conjugated with Alexa 488, Alexa 555 or biotin with streptavidin-HRP (Vector Laboratories) and biotinylated secondary antibodies conjugated with streptavidin-Alexa488 or streptavidin-Alexa555 (Molecular Probes, Eugene, OR, USA and Invitrogen, Carlsbad, CA, USA). NIH ImageJ software (Bethesda, MD, USA) was used to analyze fluorescence intensity over at least 30 images. Fluorescence intensity was measured in restricted areas of the epithelium encompassing the olfactory sensory neurons but excluding cilia label, and background was subtracted to obtain the final measurements. Images were captured on a confocal microscope (Olympus IX-81 inverted scope) using the Olympus FluoView 500 software and processed in Photoshop CS2 version 9.0.
b-Galactosidase assay
Timed pregnancies were established between Chd7 Gt/þ and wild-type mice, with the morning of plug identification designated E0.5. Embryos were collected at E12.5 after cervical dislocation and hysterectomy. Embryos were briefly washed in PBS and amniotic sacs were collected for DNA isolation and PCR genotyping. Embryos were processed for X-gal staining as previously described (68) . X-gal stained sections were post-fixed in 4% paraformaldehyde and counterstained in eosin. Sections were visualized with a Leica DMRA microscope and digital images processed with Adobe Photoshop CS2 V9.0 software.
Proliferation assays
Mice were injected intraperitoneally with 0.1 g/g body weight BrdU 30 min prior to sacrifice. Tissues were then processed for anti-BrdU and anti-CHD7 immunofluorescence as above. Secondary antibodies were conjugated with Alexa 488, Alexa 555 or biotin, as above. For quantitation of S-phase cells, confocal images from three regions of the olfactory epithelium were analyzed in eight different mice (n ¼ 4 wildtype, n ¼ 4 Chd7 Gt/þ sex-matched littermates). From each tissue section, 4 -6 images were analyzed using Olympus FluoView 500 software for number of CHD7-positive, BrdUpositive and CHD7/BrdU-positive cells, and the data tested for significance by t-test using two-tailed unequal variance.
Scanning and TEM
A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were anaesthetized with 250 mg/kg body weight tribromoethanol and perfusion fixed with 2% glutaraldehyde. Mice were decapitated, the head bisected along the midline and further dissected to expose the olfactory epithelium. The olfactory epithelium was dissected from the head and fixed in 2% glutaraldehyde overnight. The tissue was then prepared for SEM using the OTOTO fixation method (69) . SEM was performed at the University of Michigan Microscope and Image Analysis Laboratory using the AMRAY 1910 Field Emission Scanning Electron Microscope.
For TEM, perfusion fixed and dissected olfactory tissues were processed for TEM as previously described (70 -72) . TEM was done at the University of Michigan Microscope and Imaging Analysis Laboratory using the Philips CM-100 transmission electron microscope. For quantifying numbers of cells in the olfactory epithelium, tissues processed for TEM were sectioned (1 mm). Olfactory tissue sections from each pair of littermate mice (n ¼ 3 wild-type, n ¼ 3 Chd7 Gt/þ sex-matched littermates) were collected randomly from three different regions of the epithelium. Within each section, cells in 10 images were counted, taking into consideration their location in the epithelium and their cellular morphology. Sections were visualized with a Leica DMRA microscope and digital images processed with Adobe Photoshop CS2 V9.0 software. Cell numbers were analyzed for significance by t-test using two-tailed unequal variance.
Electro-olfactograms
A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were sacrificed by CO 2 inhalation then decapitated, the head bisected along the midline, and tissues dissected to expose the turbinates of the olfactory epithelium. Electrodes ranging from 4 to 8 MV in resistance filled with Ringers containing 0.1% agarose were placed on either turbinates II or IIb for recording. Vapor-phase odor stimuli were generated from 10 ml of solution in a sealed 50 ml bottle. The odorants were delivered as a 20 ml pulse injected into a continuous stream of humidified air flowing over the tissue sample. The data were then analyzed with Clampfit (Molecular Devices Corporation, Sunnyvale, CA, USA) and peak heights determined from pre-pulse baseline. Data were normalized to a pulse of pure amyl acetate given later in the same trace. Chd7 mutant data were normalized to the average response of the Chd7 wild-type mouse for a specific dose of the odorant. For each mouse tested (n ¼ 8 wild-type, n ¼ 7 Chd7 Gt/þ sex-matched littermates), four different concentrations of amyl acetate were delivered as well as five Adenylyl cyclase/cAMP accumulation assay A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were sacrificed by CO 2 inhalation then decapitated. Cilia membranes were isolated essentially as described previously (73) . Briefly, olfactory epithelia from either wild-type or Chd7 Gt/þ mice were dissected into small pieces. Cilia were removed from the epithelium by agitation in Ringers solution supplemented with 10 mM CaCl 2 and Complete Protease Inhibitor tablets (Roche, Indianapolis, IN, USA). Tissue was rocked for 15 min at 48C followed by centrifugation at 7700g for 5 min. The supernatant was collected in a separate tube and the agitation/centrifugation steps were repeated two more times. The pooled supernatants were centrifuged for 30 min at 27 000g to pellet the ciliary membranes. The supernatants were discarded and the pellet was resuspended in GTPgS buffer (100 mM NaCl, 5 mM MgCl 2 , 20 mM Tris-Cl, 0.8 mM EDTA, pH 7.4) supplemented with Complete Protease Inhibitors.
To start the adenylyl cyclase assay, 15-20 mg of the isolated cilia prep was added to the assay mix containing 1Â GTPgS buffer, 1Â ATP regenerating mix, 10 mM GTP and 1 mM IBMX in the presence or absence of 10 mM forskolin. After 10 min at 378C, the reaction was stopped by replacing the medium with ice-cold 3% perchloric acid. After at least 30 min at 48C, 0.4 ml was removed from each sample, neutralized with 0.08 ml of 2.5 M KHCO 3 , vortexed and centrifuged at 15 000g for 1 min. A 20 ml aliquot was taken from the supernatant of each sample, and accumulated cAMP was quantified using a [ 3 H]cAMP assay kit according to manufacturer's instructions (GE Healthcare, Chalfont St Giles, Buckinghamshire, UK). The total picomole cAMP produced per milligram protein was calculated for each condition. All data are presented as a percent of basal, unstimulated cyclase activity for the wildtype mouse. Statistical significance was determined using one-way ANOVA with GraphPad Prism 5 software.
Calcium imaging
Slices were essentially prepared as previously described (37) . Neonatal mice (postnatal day 1 -2) were sacrificed by decapitation and the lower jaw was removed. Tissue was mounted onto a vibratome-cutting block, supported by carrots and 400 mm thick slices were cut. Ice-cold slices were transferred to oxygenated Ringer solution until ready to load with dye. Ringer solution contained 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, 10 mM glucose and 0.5 mM probenicid (to prevent dye loss). To identify the presence of the lacZ gene in the heterozygous mice, one slice from each mouse was incubated in fluorescein digalactoside (Invitrogen) according to manufacturers instruction to test for b-galactosidase activity. Genotyping was confirmed by PCR analysis of genomic DNA isolated from the mouse tail snips. Prior to calcium imaging, all slices were loaded with 18 mM fluo-4 AM (Invitrogen) for 60-90 min at 258C. Fluo-4 loaded olfactory epithelial slices in a laminar flow chamber (Warner Instruments, Hamden, CT) were measured for odorant-evoked calcium using laser scanning confocal imaging as described previously (37) . Ringer solution was continuously perfused over the slice at a flow rate of 1.5-2.0 ml/min throughout the length of the experiment. Images were taken at least 100 mm below the top of the slice to avoid damaged neurons. An odorant mixture consisting of 200 mM each of amyl acetate, carvone, eugenol, cineole, octanal, heptanal and hexanal was made fresh in Ringer solution was applied using bath exchange and a 200 ml volume loop injector. Images were acquired on an Olympus FluoView 1000 confocal laser scanning system and data analysis were performed using Olympus software and NIH ImageJ. Images were acquired approximately every 1 s for 2 -3 min. For all traces, odorant was added after 15 s of recording to allow for baseline stabilization, and all data were normalized to the average of the first 15 s of recording during which odorant was absent.
GST assay
A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were sacrificed by CO 2 inhalation then decapitated. Heads were bisected along the midline to expose the olfactory epithelium. The olfactory epithelium was dissected from the head and processed for GST enzymatic activity using the GST Assay Kit as per manufacturer's instructions (Sigma).
Olfactory epithelium chemical ablation studies
A 6-week-old Chd7 þ/þ and Chd7 Gt/þ sex-matched littermate mice were anesthetized with 100 mg/kg ketamine/10 mg/kg xylazine intraperitoneal injection and given a single intranasal irrigation with 20 ml of 1% Triton X-100 in 0.15 M NaCl, based on methods previously described (36) . Mice were sacrificed at 2, 4 and 8 weeks post-ablation and processed for immunofluorescence using anti-CHD7, anti-OMP and anti-BrdU as described above. 
